The accumulation of uremic toxins is involved in the progression of CKD. Various uremic toxins are derived from gut microbiota, and an imbalance of gut microbiota or dysbiosis is related to renal failure. However, the pathophysiologic mechanisms underlying the relationship between the gut microbiota and renal failure are still obscure. Using an adenine-induced renal failure mouse model, we evaluated the effects of the ClC-2 chloride channel activator lubiprostone (commonly used for the treatment of constipation) on CKD. Oral administration of lubiprostone (500 mg/kg per day) changed the fecal and intestinal properties in mice with renal failure. Additionally, lubiprostone treatment reduced the elevated BUN and protected against tubulointerstitial damage, renal fibrosis, and inflammation. Gut microbiome analysis of 16S rRNA genes in the renal failure mice showed that lubiprostone treatment altered their microbial composition, especially the recovery of the levels of the Lactobacillaceae family and Prevotella genus, which were significantly reduced in the renal failure mice. Furthermore, capillary electrophoresis-mass spectrometry-based metabolome analysis showed that lubiprostone treatment decreased the plasma level of uremic toxins, such as indoxyl sulfate and hippurate, which are derived from gut microbiota, and a more recently discovered uremic toxin, trans-aconitate. These results suggest that lubiprostone ameliorates the progression of CKD and the accumulation of uremic toxins by improving the gut microbiota and intestinal environment.
CKD is a global health problem that carries a substantial risk for ESRD, cardiovascular disease, and death. 1 In CKD, the accumulation of uremic toxins accelerates the progression of CKD and hence, mortality. 2, 3 Therefore, reducing the accumulation of uremic toxins is important for the protection against and amelioration of renal damage.
Recent evidence has suggested that alterations in the gut microbiota are linked to various diseases conditions, including obesity and diabetes as well as cardiovascular 4, 5 and kidney diseases. 6, 7 Because various uremic solutes, such as indoxyl sulfate, are derived from gut microbial metabolism, the gut microbial status affects the accumulation of uremic toxins. 8 Furthermore, it has been reported that the gut microbiota composition is changed for the worse in CKD, 6 and the gut environment is associated with both the etiology and progression of CKD. However, the mechanistic link between the gut and CKD remains poorly understood.
Lubiprostone is a synthetic bicyclic fatty acid derivative of prostaglandin E1 that is clinically used for the treatment of chronic constipation. 9 Lubiprostone activates the ClC-2 chloride channel, resulting in an enhancement of the intestinal luminal Cl 2 secretion and water motility, which effects are responsible for its laxatives properties. 10 In general, chronic constipation, which is frequent in patients with CKD, worsens the intestinal environment and alters the composition of the gut microbiota. 11, 12 We examined the beneficial effects of lubiprostone on CKD using an adenineinduced renal failure (RF) mouse model. Lubiprostone was found to exert a renoprotective effect on the progression of CKD with a reduction in the plasma concentration of uremic toxins and improvement in the gut microbiota population. These findings suggest a potential therapeutic approach to CKD on the basis of the improvement of the intestinal environment.
We examined the effect of lubiprostone on uremic RF using an adenine-induced RF mouse model 13 ( Supplemental Figure 1) . RF was developed by 6-week oral administration of adenine into normal mice, which were then treated with 50 or 500 mg/kg per day lubiprostone (RF+Lub50 and RF+Lub500, respectively). RF mice exhibited reduced food intake, body weight loss, abnormal polyuria, and anemia compared with control mice (Supplemental Table 1 ). Body weight and food intake were comparable among the RF, RF+Lub50, and RF+Lub500 groups, but the serum sodium level was significantly reduced in both of the lubiprostone-treated RF groups (148.3 and 146.7 mEq/L in RF+Lub50 and RF+Lub500 groups, respectively) compared with the RF group (153.0 mEq/L). Concerning the fecal and intestinal effects, the RF+Lub500 group exhibited a significantly higher level of each fecal sample weight and a lower amount of residual feces in the colon than the RF group ( Figure 1, A and 1B ). In addition, slightly soft feces were observed in the RF+Lub500 group because of the increase in the small intestinal bowel fluid ( Figure 1C ) and accelerated intestinal transit ( Figure 1D ). However, diarrhea was not observed in either the RF+Lub50 or RF+Lu500 group. The pH of the cecal fluid was comparable among the groups (pH was 6.560. 33, 6 .660.34, and 6.560.29 in control, RF, and RF+Lub500 groups, respectively). By Masson's trichrome staining (MTS) of the colon, dense collagen deposition in the lamina propria was detected in the RF group as reported. 14 This collagen deposition in the colon was suppressed in the RF +Lub500 group compared with the RF group ( Figure 1E ).
We next examined the effect of lubiprostone on renal function and histologicchanges in the RF mice. The BUN level was 4.1-fold higher in the RF group than in the control group, whereas it was significantly suppressed in the RF+Lub500 group (Figure 2A ). In addition, the decrease in the cortical tubular area in the RF group was slightly but significantly recovered in the RF+Lub500 group ( Figure 2B ), although the adenine-derived cast formation was also observed in the RF+Lub500 group in a similar manner to the RF group (Figure 2C , periodic acid-Schiff staining). In contrast, the fibrotic area and interstitial collagen deposition in the damaged kidneys were decreased in the RF+Lub500 group compared with the RF group ( Figure 2C) .
We further evaluated renal fibrosis and inflammation by immunohistochemistry and quantitative PCR. By immunohistochemical analysis, the RF+Lub500 group exhibited a decreased number of macrophages and myofibroblasts compared with the RF group, which was shown by anti-F4/80 and anti-a-smooth muscle actin staining ( Figure 2D ). Quantitative PCR indicated a significant reduction in the expression of renal fibrosis-related genes (Acta2, Tgfb1, Col1a1, and Col3a1) and inflammatory cytokines (Tnfa, Pai-1, and Ccl2) in the kidney of the RF+Lub500 group compared with the RF group (Figure 3) . The expression of Il-6 mRNA was not significant but tended to be reduced in the RF +Lub500 group. These results suggested that the treatment with lubiprostone ameliorated the progression of renal fibrosis and local inflammation in the RF mouse model.
To elucidate the mechanism of the renoprotectiveeffect inducedby lubiprostone treatment, we investigated the effect of lubiprostone on the gut microbiota in RF mice. Gut microbiome analysis of bacterial 16S rRNA genes followed by operational taxonomic unit and unweighted Unifrac distance analysis indicated that the gut microbial composition could be roughly categorized into three groups (i.e., the control, RF, and RF+Lub500 groups) ( Figure 4A ). In addition, the diversity analysis showed that the decreased microbial diversity in the RF group became more similar to the control group by lubiprostone treatment ( Figure 4A ). Consistent with this, microbial population analysis showed that a minor population of gut microbiota in each group was different ( Figure 4B) . At the genus level, quantitative analysis confirmed a significant increase in Allobaculum, Bfidobacterium, Clostridium, and Parabacteroides in both the RF and RF+Lub500 groups ( Figure  4C ). Interestingly, an unclassified Lactobacillaceae family, a Prevotella genus, an unclassified Clostridia class, and an unclassified mitochondria family were significantly decreased in the RF group, but this decrease was not found in the RF+Lub500 group ( Figure 4C ). Furthermore, the significant increase in the Lactobacillus and Turicibacter genuses in the RF group was also abrogated by lubiprostone treatment, suggesting that lubiprostone is able to ameliorate gut microbiota imbalances in RF mice.
To exclude the possibility that the adenine diet per se induced the alteration of gut microbiota, we performed a fecal microbiome analysis during adenine feeding (Supplemental Figure 2A) . The composition of the microbiota did not obviously change 1 and 2 weeks after adenine feeding. BUN began to significantly increase after the 2-week adenine diet (Supplemental Figure 2B) . A slight alteration of the microbiota was observed after 4 weeks and evident after 6 weeks of the adenine diet. Simultaneously, BUN was markedly increased after 4 and 6 weeks of the adenine diet.
These results suggest that the adenine diet per se had a little influence on the gut microbiota and that the alteration of the gut microbiota in adenine-induced RF was mainly dependent on the RF state.
We next performed capillary electrophoresis with electrospray ionization time-of-flight mass spectrometry (CE-TOFMS)-based metabolome analysis of the plasma in the control, RF, and RF+Lub500 groups. The increased levels of the well known uremic solutes indoxyl sulfate and hippurate in the RF group were significantly suppressed in the RF+Lub500 group ( Figure 5A ). In addition to these uremic solutes, higher plasma concentrations of certain anionic metabolites in the RF group, such as transaconitate, propionate, and cholate, were significantly suppressed by lubiprostone treatment ( Figure 5A ). Furthermore, most of the tricarboxylic acid cycle-related components (citrate, cis-aconitate, isocitrate, fumarate, and malate) were significantly increased in both the RF and RF+Lub500 groups compared with the control group. Among the cationic solutes, the amino acids tryptophan, glutamate, inosine, and betaine were significantly decreased in both RF and RF+Lub500 groups, whereas the elevated concentration of g-aminobutyric acid in RF was significantly decreased in the RF+Lub500 group compared with the RF group. (Figure 5B) . The plasma acetate and p-cresyl sulfate concentrations were also measured (Supplemental Figure 3) . The plasma acetate concentration was comparable among these groups. The plasma p-cresyl sulfate level was significantly increased in both the RF and RF+Lub500 groups compared with the control group but not changed between the RF and RF+Lub500 groups.
In CKD, the intestinal environment is reported to be adversely altered. 15, 16 The potential exacerbating factors include the retention of uremic toxins, intestinal ischemia, intestinal transit time prolonged by constipation, decreased intestinal fluid secretion, and malnutrition of the gut lining with evident atrophy. 8, 16 Such a poor condition of the gut is suggested to be involved in the etiology and progression of CKD because of an imbalance in the gut microbiota, leading to an accumulation of uremic toxins and bacterial translocation. 16 Inthisstudy,weshowedthatlubiprostone treatment ameliorated the accumulation of uremic toxins and mitigated the renal fibrosis and inflammation that play a major role in the progression of renal damage. 17 Lubiprostone actively induced bowel fluid secretion by activating Cl 2 channels, leading to a reduction in the intestinal transit time and changes in the fecal characteristics through altering the gut environment. This gut microbiome analysis showed that the relative abundance of the Lactobacillaceae family and Prevotella genus was significantly decreased in the RF group, which is consistent with a previous report. 6 Furthermore, our findings show that lubiprostone treatment of RF mice ameliorated the decrease in the Lactobacillaceae family and Prevotella genus. This increased abundance of the Lactobacillaceae family by lubiprostone treatment has also been reported in a previous study using a cystic fibrosis model mice. 18 It has also been reported that the gut microbiota largely contributes to the production of various uremic solutes, such as indole derivatives (e.g., indoxyl sulfate) and glycine conjugates (e.g., hippurate) 19 ; therefore, dysbiosis might be related to the accumulation of uremic toxins. In this study, oral administration of lubiprostone reduced the plasma concentration of indoxyl sulfate and hippurate as well as trans-aconitate. Indoxyl sulfate is associated with the progression of RF through the exacerbation of oxidative stress, inflammation, and fibrosis. 20 Trans-aconitate is also known as a uremic toxin and a recently identified biomarker for predicting the onset of renal damage. 21 Therefore, the alteration of the gut microbiota induced by treatment with lubiprostone in RF mice is suggested to have caused the improvement of the plasma uremic solute levels, which in turn, led to the amelioration of CKD.
Lactobacillaceae and Prevotella, which were increased by the lubiprostone treatment, are saccharolytic bacteria. Indoles, a precursor of indole derivatives, are produced as a result of protein fermentation by colonic microbiota. 8 Therefore, we suppose that lubiprostone may promote the growth of saccharolytic bacteria in RF at the expense of the other proteolytic bacteria, resulting in the reduction of some uremic toxins (e.g., indoxyl sulfate). , and Acta2 (a-smooth muscle actin). The expression levels were first normalized to those of Gapdh and then further normalized to the levels in the kidney from the control mice. n=6-7 for each group. Cont, control. *P,0.05 versus the RF group; **P,0.01 versus the RF group.
In addition, it has been reported that a prolonged intestinal transit time promotes the conversion of amino acids into uremic wastes through microbial fermentation. 11 Thus, a reduction of the intestinal transit time by lubiprostone treatment may also be involved in the reduction in uremic solutes and the amelioration of CKD symptoms.
Intestinal mucosal barrier functions are impaired in CKD. 22 This impairment leads to a high intestinal epithelial permeability, resulting in bacterial translocations from the gut lumen into the blood stream, and this increased bacterial translocation is reported to be a source of microinflammation in CKD. 23 Recently, Moeser et al. 24 reported that lubiprostone exerts a reparative effect on the function of the intestinal mucosal barrier against ischemic intestinal damage. In addition, lubiprostone treatment stimulated the intestinal secretion of mucin, 25 which works as the first line of defense of the gastrointestinal mucosal barrier. Therefore, the preventive effect of lubiprostone treatment in RF mice might be through upregulation of the mucosal barrier function.
Vaziri et al. 26 have reported that the uremia-induced disruption of the intestinal barrier is mediated by urea influx into the gastrointestinal tract. Influx urea is converted by microbial urease to ammonia and ammonium hydroxide. These caustic compounds can disrupt the intestinal barrier function. Furthermore, the uremia-induced alteration of the intestinal microbiota is driven by the influx of urea into the gastrointestinal tract. 14 Therefore, some effects of lubiprostone on the urea influx into the gastrointestinal tract may be postulated. Additional experiments are necessary to clarify this issue.
A recent study has shown expansion of bacteria families possessing urease, uricase, and indole-and p-cresol-forming enzymes and reduction of butyrateproducing bacteria in patients with ESRD. Wong et al. 27 have shown such dysbiosis in patients with ESRD using in silico tests. In accordance with the in silico results, 27 these data show the reduction of bacteria families possessing butyrateproducing enzymes (Lactobaillaceae and Prevotellaceae) in the RF mice, and the reduction was recovered by lubiprostone treatment (Supplemental Figure 4) . However, the reported bacterial families that possess urease, uricase, and indoleand p-cresol-forming enzymes 27 enriched in patients with ESRD were not significantly changed in the RF mice or not detected in any groups (Supplemental Figure 4) . Additionally, Bifidobacterium was scarce in the normal mice and increased in the RF mice, although previous reports showed that Bifidobacterium is present under normal conditions and decreases under RF states in rat and human. 28, 29 We suppose that such discrepancies result from the differences among mammalian species. The bacterial families that contributed to the urease or indole-producing activities in RF mice may differ from those of human ESRD. Also, the contribution of Bifidobacterium in the normal microbiota of mice is presumably low, and the increase of the Bifidobacterium population in RF is possibly related to the uremic dysbiosis in mice.
In support of this idea, Bifidobacterium was also undetectable among gut microbiota of another mouse strain, BALB/c mice (S.F. et al., unpublished data).
In conclusion, lubiprostone treatment is a potentially useful therapeutic intervention against the progression of CKD by improving the gut environment and reducing uremic toxins. These findings provide supporting evidence for the gutkidney axis in CKD.
CONCISE METHODS

Animal Studies
All animal experiments were approved by the Animal Committee of the Tohoku University School of Medicine. Male C57BL/6 mice were fed a normal diet (type CE-2; Clea Japan). At age 7 weeks, mice were divided randomly into the control and adenine groups. For the control group, the normal diet was continued. For the adenine group, a CE-2 diet containing 0.2% adenine (Wako) was given for 6 weeks. After 6 weeks of adenine feeding, the food was switched to the normal diet, and then, lubiprostone (50 or 500 mg/kg; Abbott, Japan) or saline in a volume of 100 ml was administered to the mice by daily gavage at night for 12 days. At the end of study, the mice were euthanized, after which blood, cecal fluid, and tissues were obtained. One day before euthanasia, mice were placed in an individual metabolic cage to measure the water and food intake and collect urine and feces. BUN and biochemical parameters were assessed using a blood analyzer (i-STAT; Fuso Pharmaceutical Industries). BP was measured by the tail-cuff method using model MK-2000 (Muromachi Kikai). The cecal fluid pH was measured by a pH meter (LAQUAtwin; HORIBA).
Intestinal Transit Analyses
The measurement of gastrointestinal transit was performed as described previously. 30 Briefly, adenine-induced RF mice were fasted for 20 hours with free access to water. Mice were treated with either vehicle or lubiprostone (50 or 500 mg/kg) orally, and 1 hour later, they were given an oral gavage of 150 ml 0.5% trypan blue solution. The mice were euthanized 30 minutes after administration of the solution, and the small intestine from the jejunum to the cecum was dissected. The distance traveled by the leading edge of the small intestine and the percentage of intestinal transit for each animal were calculated as the percentage of transit (trypan blue distance)/ (small intestinal length)3100.
Histology and Morphometric Analyses
Tissues were fixed in 10% neutral buffered formalin and embedded in paraffin. Kidney sections were stained with hematoxylin and eosin, periodic acid-Schiff, MTS, and picrosirius red. For analysis of the tubular area, the percentage of the tubular area in the cortex was evaluated with MTS-stained kidney sections using the National Institutes of Health ImageJ analysis software. For immunohistochemistry, sections were immunolabeled using anti-a-smooth muscle actin (DAKO) and anti-F4/80 (Serotec) antibodies.
Quantitative PCR Analyses
Whole kidneys were homogenized in TRIzol reagent (Invitrogen) and extracted according to the manufacturer's directions. cDNA synthesis was performed using a transcriptor first-strand cDNA synthesis kit (Roche). The primers purchased from Applied Biosystems are shown in Supplemental Table 2 .
Microbiome Analyses
The genomic DNA of gut microbiota was extracted from murine feces, and 454-barcode pyrosequencing of microbial 16S rRNA genes was performed as described previously. 31, 32 Briefly, microbial genomic DNA was extracted using a phenol-chloroform standard protocol with vigorous shaking with 0.1-mm zirconia/ silica beads. The V1-V2 region of the 16S rRNA gene was amplified and subjected to 454 GS JUNIOR pyrosequencing (Roche). The 16s rRNA reads were analyzed using QIIME and the RDP classifier. The microbiome data have been deposited in the DDBJ database (http://getentry.ddbj.nig.ac.jp/) under accession number DRA002254. Detailed methods are described in Supplemental Material.
CE-TOFMS Measurement
A quantitative analysis of charged metabolites by CE-TOFMS was performed as described previously. 33, 34 CE-TOFMS experiments were performed using the Agilent CE System (Agilent Technologies), the Agilent G3250AA LC/MSD TOF System (Agilent Technologies), the Agilent 1100 Series Binary HPLC Pump, the G1603A Agilent CE-MS adapter (Agilent Technologies), and the G1607A Agilent CE-ESI-MS Sprayer Kit. Detailed methods are described in Supplemental Material.
Statistical Analyses
Data are presented as the means6SD. Statistical analysis was evaluated by the unpaired t test as well as ANOVA or Steel-Dwass multiple comparison procedures. Values of P,0.05 were considered to be statistically significant.
